small number of CTC poses several difficulties. Nonetheless, accumulating evidence has partially revealed the characteristics of CTC. CTC were successfully isolated from patients' blood samples by positive selection using epithelial phenotype marker and/or by CD133 stem cell marker and cultured ex vivo, 4, 5 indicating that CTC potentially include CSC, which can survive for a long time. In addition, CTC lines were established to overcome scarcity, which is a hurdle hampering characterization of CTC. 4 These reports support the idea that some CTC can survive for a long time.
In general, suspension cultures leading to spheroid formation are carried out to study features of CSC, and SC cultured for a few weeks were used in this study. However, this short culture period is insufficient for the stabilization of cells. In the present study, we cultured cancer cells in an ultra-low attachment dish for a long period of more than 6 months to allow stabilization and adaptation in a suspension state. These ASC were compared with adherent parent cancer cells to investigate how cancer cells survive in the bloodstream as CTC. We found that proliferation of SC subjected to more than 150 passages increased as quickly as that of AD and that the expression of silent mating type-information regulation 2 homolog 1 (SIRT1) increased in ASC. Therefore, we investigated the role of SIRT1 in the promotion of ASC proliferation.
Silent mating-type information regulation family members are NAD + -dependent HDAC (class III). Seven SIRT paralogs (SIRT1-7)
have been identified in humans and each SIRT shows different localization, function, and activity. 6 SIRT play various roles in cell cycle progression and apoptosis of cancer cells. 7 Of these, SIRT1 is significantly overexpressed in various cancers, including breast, prostate, pancreas, and colon cancers, [8] [9] [10] and the inhibition of SIRT1 expression results in the arrest of growth and apoptosis of several types of cancer cell. [11] [12] [13] [14] Contrary to the protumor function of SIRT1, several studies have shown that SIRT1 may also act as a tumor suppressor and inhibit intestinal tumorigenesis through the suppression of cancer cell growth in a mouse model of colon cancer. 15 SIRT1 is involved in the direct DNA damage response, and activation of SIRT1 results in protection against mutant BRCA1-associated breast cancer. 16 SIRT1 suppresses the function of ROS through the stimulation of antioxidants by FOXO pathways. 17 Conversely, ROS is also able to suppress SIRT1 expression by oxidative modification of its cysteine residues. 17 Nuclear factor kappa B signaling plays an important role in apoptosis, cell proliferation, and tumorigenesis through the regulation of the expression of several genes, 18 and is associated with an increase in glycolytic energy flux. 19 Phosphorylation of IκB triggers the initiation of NF-κB signaling and the released p65 subunit moves into the nucleus and becomes acetylated at the Lys310 residue by p300 and p300/CBP-associated factor, resulting in its complete activation. The acetylated active form of p65 is directly inactivated by deacetylation triggered by SIRT1, resulting in suppression of NF-κB-dependent gene expression. 19 Aside from the SIRT1-mediated inhibition of NF-κB activity, NF-κB signaling is also able to suppress SIRT1 activity through the expression of miRNAs as well as through an increase in ROS production. 20 These antagonistic functions of NF-κB and SIRT1 play several roles in inflammation and metabolism, 19 regulation of autophagy, 21 and neuroinflammation and cognitive impairment induced by sepsis. 22 Therefore, the outcome of crosstalk between SIRT1, ROS, and NF-κB should be decoded in the tumor context.
| MATERIAL S AND ME THODS

| Antibodies and reagents
The following antibodies and reagents were used: Sirtuin Antibody 
| Cell culture
MDA-MB-468 human breast cancer cells were purchased from the ATCC (Manassas, VA, USA). Cell suspensions were generated according to the previous method 23 and cells passaged more than 150 times in ultra-low attachment plates (Corning, Corning, NY, USA)
were named ASC. Both AD and SC were maintained in RPMI-1640 medium (HyClone, Logan, UT, USA) supplemented with 10% FBS (Equitech-Bio, Kerrville, TX, USA) at 37°C in a humidified atmosphere of 5% CO 2 .
| Cell proliferation assay
Adherent cell and SC were seeded in six-well normal and ultra-low attachment plates at a density of 5 × 10 5 cells/well, respectively, and incubated for 72 hours. The cells were stained with 0.3% Trypan blue (Alfa Aesar, Ward Hill, MA, USA), and cell number was counted with a LUNA automated cell counter (Logos Biosystems, Annandale, VA, USA) according to the instructions of the manufacturer. Cell proliferation assays were carried out in triplicate.
| RNA extraction and real-time quantitative polymerase chain reaction
Total RNA was extracted using the extraction reagent RNAiso Plus (TaKaRa, Shiga, Japan) according to the manufacturer's instructions. 
| Immunoblot assay
Cell lysates were prepared using a lysis buffer (50 mmol/L Tris-HCl The membranes were incubated with HRP-conjugated secondary antibodies (Assay Designs, Ann Arbor, MI, USA) for 2 hours at room temperature and the proteins were visualized using an ECL substrate (Thermo Fisher Scientific). Detection was carried out using an LAS3000 luminescent image analyzer (Fuji Film, Tokyo, Japan). CA, USA). Libraries for next-generation sequencing were generated and sequenced using the HiSeq 2500 (Illumina, San Diego, CA, USA).
| Chromatin immunoprecipitation sequencing
| Chromatin immunoprecipitation sequencing analysis
FastQ C (https ://www.bioin forma tics.babra ham.ac.uk/proje cts/fastq c/) was used to check the quality of ChIP-seq data, and low-quality reads and leftover adapter sequences were eliminated by Cutadapt ( https :// cutad apt.readt hedocs.io). To align the sequenced reads to the human reference genome hg19, Bowtie 2 24 was used. HOMER software 25 and
Integrative Genomics Viewer (IGV) genome browser (http://softw are.
broad insti tute.org/softw are/igv/) were used for visualization.
| Plasmid and siRNA transfection
Cells were transfected with 40 ng/mL siRNA using Lipofectamine
RNAiMax transfection reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's transfection protocol. To suppress SIRT1 expression, SIRT1-1 (5′-ACUUUGCUGUAACCCUGUA-3′) and SIRT1-2 (5′-AGA GUU GCC ACC CAC ACC U-3′) were used. Cells were transfected with 2 μg/mL plasmid using Lipofectamine 3000 DNA transfection reagent (Invitrogen) according to the manufacturer's transfection protocol.
| Mitochondrial membrane potential analysis
Mitochondrial 
| Intracellular ROS analysis
To measure the intracellular ROS concentration, a DCFDA cellular 
| Measurement of reduced GSH/oxidized GSSG ratio
A GSH/GSSG-Glo Assay kit (Promega, Madison, WI, USA) was used according to the manufacturer's instructions. Briefly, cells were seeded at a density of 1 × 10 4 cells/well into a white-sided and clearbottomed 96-well plate (Corning). Cells were treated with or without GSSG reagent, and the luminescence of each well was measured with a microplate reader.
| Luciferase assay
Cells were seeded into six-well plates and cotransfected with a mixture of 200 ng pGL34xNF-κB-luciferase reporter plasmid and 5 ng pRL-CMV plasmid using Lipofectamine 3000 reagent. Cells were lysed 24 hours after incubation and luciferase activity was determined using the Dual-Luciferase Reporter Assay System (Promega)
according to the manufacturer's instructions.
| Orthotopic mouse model of breast cancer metastasis
MDA-MB-468 SC and ASC, which stably expressed firefly luciferase were orthotopically transplanted into mouse mammary fat pad as previously described 23 
| Statistical analysis
A two-tailed and non-parametric Mann-Whitney U test was used to compare the two indicated groups. Maximum level of significance of P < .05 was used for all statistical comparisons. Values of *P < .05, **P < .01, and ***P < .001 indicated significant differences.
All data are expressed as mean ± standard deviation (SD). All statistical analyses were carried out using GraphPad Prism version 5.0 for Windows (GraphPad Software).
| RE SULTS
| Inhibition of SIRT1 expression suppresses ASC proliferation
We previously reported that the proliferation of SC is slower than that of AD. 23 However, SC subjected to more than 150 passages showed similar proliferation to AD, but higher than that of SC after 40 passages. We named the cells subjected to 150 passages ASC ( Figure 1A ). As SIRT1 is known to be involved in the regulation of cell proliferation and apoptosis, 26 mRNA levels of SIRT family members were examined using qPCR. mRNA expression levels of all SIRT family members increased in ASC, with maximum overexpression reported for SIRT1 mRNA ( Figure 1B) . Protein levels of all SIRT family members also increased ( Figure 1C) . However, the protein expression of SIRT1 was not at a maximum. Level of SIRT1 protein was examined to evaluate whether SIRT1 is involved in the increase in the proliferation of ASC in a passage-dependent way. Maximum overexpression of SIRT1 was observed in the cells subjected to more than 150 passages ( Figure 1D ). No difference in SIRT1 protein level was observed in more than 150 passaged AD ( Figure S1 ). To examine whether the increase in SIRT1 expression is associated with alteration in promoter region, open promoter markers (H3K4me3 and H3K27ac) were examined; no significant difference was observed ( Figure 1E ). These results suggest that no changes in the enhancer region are responsible for SIRT1 transcription.
F I G U R E 1 Silent mating-type information regulation 2 homolog 1 (SIRT1) expression is increased in adapted suspension cells (ASC). A, Numbers of adherent cells (AD), suspension cells (SC) and ASC were measured at the indicted time. B-C, SIRT levels in AD and ASC were determined by qRT-PCR and immunoblot assays. Normalization was done using 18S rRNA and β-actin. D, Level of SIRT1 was analyzed in differently passaged SC by immunoblot assay. E, Genome browser snapshot of H3K4me3, H3K27ac, and RNA Pol II ChIP-seq at SIRT1 locus. H3K4me3, H3K27ac, and RNA Pol II are co-occupied at the promoter region of SIRT1 and their enrichment is identical in AD and ASC. *P < .05
We evaluated the effect of SIRT1 inhibition on the proliferation of ASC. Cells were treated with an SIRT inhibitor, NAM, for 72 hours.
In comparison with AD, ASC showed a dramatic decrease in proliferation in a dose-dependent way ( Figure 2A) . As a remarkable difference in cell number was observed after treatment with 1 mmol/L NAM, we evaluated the time-dependent effect on cell proliferation using a 1 mmol/L concentration of NAM. A significant decrease in cell number was observed after 48 hours of treatment with NAM ( Figure 2B ).
To confirm that SIRT1 is associated with the increase in the proliferation of ASC, proliferation of cells transfected with siSIRT1 was examined. The number of ASC greatly decreased after 3 days of siSIRT1
treatment, but no effect was observed in siSIRT1-treated AD and SC ( Figure 2C,D) . These results indicate that the increase in SIRT1 expression contributes to the enhancement in the proliferation of ASC.
| Inhibition of SIRT1 expression results in the induction of apoptotic death in ASC
As the inhibition of SIRT expression induces apoptosis, we ex- was not observed in ASC ( Figure 3B ). We further confirmed these observations by evaluating the level of signaling molecules related to the extrinsic apoptosis pathway. No significant difference was observed in both AD and ASC ( Figure 3C ). These results provide evidence that the increase in SIRT1 expression contributes to the prevention of apoptotic cell death in ASC.
Anti-apoptotic Bcl-2 family members prevent apoptosis through inhibition of mitochondrial outer membrane permeabilization, whereas pro-apoptotic Bcl-2 family members exert opposite effects. Thus, the levels of these Bcl-2 family members were measured in both cell types. No significant difference was observed in Bak and Bax pro-apoptotic protein levels after treatment with siSIRT1. However, the overexpression of anti-apoptotic proteins such as Bcl-2 and Bcl-X L was more prominent in ASC and decreased after the depletion of SIRT expression ( Figure 3D ), indicating that high expression levels of anti-apoptotic proteins play a key role in the survival of ASC. We investigated whether SIRT1-depleted cells show changes in mitochondrial membrane permeability. After SIRT1 siRNA transfection for 48 hours, mitochondrial membrane potential was analyzed with flow cytometry using JC-1 staining. SIRT1 depletion induced mitochondrial membrane depolarization in ASC as compared with AD ( Figure 3E ). These data indicate that the increase in the expression of anti-apoptotic proteins stimulated by SIRT1 could contribute to the prevention of apoptotic death of ASC through the maintenance of mitochondrial membrane depolarization.
| Silent mating-type information regulation 2 homolog 1 alleviates intracellular ROS levels to prevent apoptotic death of ASC
Reactive oxygen species are the main cause of the decrease in mitochondrial membrane potential, whereas anti-apoptotic we thought that SIRT1 depletion may stimulate ROS production. Intracellular ROS levels were measured by DCFDA staining. SIRT1-depleted ASC showed a significant increase in ROS levels as compared to SIRT1-depleted AD and SC ( Figure 4A ).
Therefore, ROS is maintained at a low level through an increase in the expression of Bcl-2 and Bcl-X in ASC as compared to AD ( Figure 3D ). As the ratio of GSH and GSSG determines the level of ROS, 29 increase in the GSH/GSSG ratio may contribute to the low level of ROS in ASC. ASC showed approximately a two-fold increase in this ratio as compared with AD, indicating that ROS was maintained at a low level for the survival of ASC by maintenance of a high ratio of GSH/GSSG ( Figure 4B ). To determine the mechanism underlying the increase in the GSH/GSSG ratio, levels of GSSG-producing glutathione peroxidase (GPX) and GSHproducing glutathione reductase (GSR) were quantified by qPCR ( Figure 4C ). The increase in GSH contributed to a high GSH/GSSG ratio. As SIRT1-depleted ASC were highly susceptible to proliferation (Figure 2A ), we determined whether siSIRT1-induced ROS expression is responsible for the severe decrease in cell number.
siSIRT1-induced ROS expression was inhibited by treatment with a ROS scavenger, NAC. Cells transfected with siSIRT1 for 24 hours were treated with the indicated concentrations of NAC for an additional 48 hours. Proliferation of SIRT1-depleted AD decreased after NAC treatment in a dose-dependent way, whereas the proliferation of SIRT1-depleted ASC was unaffected after NAC treatment ( Figure 4D) . Next, the effect of NAC on the siSIRT1-induced PARP cleavage in both cells was examined. Treatment of ASC with 5 mmol/L NAC for 48 hours after siSIRT1 transfection resulted in a dramatic decrease in the cleavage of PARP ( Figure 4E ). Taken together, these results indicate that the increase in SIRT1 expression in ASC is responsible for the prevention of apoptotic cell death induced by the excessive production of ROS.
| Silent mating-type information regulation 1 overexpression inhibits NF-κB activity by deacetylation of p65 in ASC
As SIRT1 inhibits the NF-κB signaling pathway, 17 NF-κB activity was examined in both cell types after transfection with NF-κB luciferase vector. Luciferase activity of NF-κB was reduced by approximately three-fold in ASC compared to SC ( Figure 5A ). The low NF-κB activity may be increased by TNF-α, a representative NF-κB activator. 30 Surprisingly, TNF-α failed to increase NF-κB activation in ASC ( Figure 5B ). Acetylated or phosphorylated NF-κB p65 level was measured in both cell types to determine the reason underlying the inability of TNF-α to activate NF-κB. The acetylated NF-κB p65 level was markedly decreased in ASC. However, the level of phosphorylated NF-κB p65 progressively increased according to the degree of adaptation ( Figure 5C ). As NF-κB p65 was deacetylated by HDAC3 and/or SIRT1 at Lys310, 31 the HDAC3 level was also examined. No significant changes in the level of HDAC3 were observed in AD and ASC ( Figure 5C ) as compared to SIRT1-treated cells ( Figure 1D ). Thus, we examined whether SIRT1 is responsible for the decrease in NF-κB activity by reducing the level of acetylated NF-κB p65 at Lys310. SIRT1 depletion dramatically increased the level of acetylation of NF-κB p65 at Lys310, but no significant differences were observed in total NF-κB p65 and phosphorylated NF-κB p65 (at Ser536) ( Figure 5D ); thus, SIRT1 overexpression suppresses NF-κB activity.
To determine whether the SIRT1-mediated inhibition of NF-κB activity is related to cell proliferation, both SIRT1-depleted cells were treated with PDTC, an antioxidant and inhibitor of NF-κB activation. PDTC treatment resulted in a recovery of the loss of These results indicate that inhibition of NF-κB activity and ROS level by SIRT1 overexpression is the underlying mechanism for ASC survival.
| D ISCUSS I ON
Meng et al 32 reported that CTC can survive a decade because they are continuously dying and being replenished by tumor cells shedding from tumor tissues. Most CTC will not be able to survive in anoikis conditions in the turbulence of the circulating bloodstream. In an orthotopic xenograft model, we previously showed that the metastatic ability of SC was increased as compared to that of AD. 23 In the present study, we determined whether ASC have higher metastatic potential than SC. In the invasion assay, ASC showed a twofold increase in metastatic ability compared to SC ( Figure S2A ). In an orthotopic xenograft model, ASC injection resulted in the formation of a tumor mass in two of five mice, and the tumors metastasized in both mice, whereas SC injection resulted in the formation of a tumor mass in three of five mice without metastasis ( Figure S2B ). ASC still maintain high invasive ability, which may be affected by SIRT1 depletion ( Figure S2C ).
SIRT1 is overexpressed in CSC and plays a critical role in maintaining the characteristics of CSC through sustainable expression of stemness genes such as Oct4 and Nanog. 99 We have previously F I G U R E 5 Silent mating-type information regulation 2 homolog 1 (SIRT1) inhibits the activation of nuclear factor kappa B (NF-κB) activity in adherent cells (AD) and adapted suspension cells (ASC). A, Cells were transfected with the NF-κB luciferase plasmid for 24 h and then relative luciferase activity was analyzed. Firefly luciferase was used as a reporter, and Renilla luciferase was used as a control. B, Cells transfected with NF-κB luciferase plasmid were stimulated with or without tumor necrosis factor (TNF)-α for 1 or 2 h and then NF-κB luciferase activity was measured. C, Levels of NF-κB p65 and HDAC3 were analyzed by immunoblot assay in AD and differently passaged suspension cells (SC). D, Cells were transfected with siSIRT1 or siControl for 48 h and levels of protein associated with NF-κB signaling were examined using immunoblot assay. E, Cells transfected with siSIRT1 or siControl were treated with or without pyrrolidine dithiocarbamate (PDTC) for 48 h and then the number of cells was counted. **P < .01; n.s., not significant
shown that SC contain a CSC-like population. 23 In the present study, we showed that ASC had increased expression of SOX2 and OCT4 as stemness factors ( Figure S3 ). Thus, SIRT1 expression may likely contribute to the survival of ASC as well as to CSC. However, as ZR-75-1-derived ASC, but not T47D-derived ASC, showed an increase in SIRT1 expression ( Figure S4 ), the role of SIRT1 may be interpreted in the context of tumors. To evaluate whether SIRT1 overexpression affects OS, The Cancer Genome Atlas (TCGA) data of patients with breast cancer were analyzed. OS decreased in patients with breast cancer expressing a high level of SIRT1 to between 50 and 100 months, whereas it abruptly decreased in patients with triple-negative breast cancer ( Figure S5 ).
SIRT1 overexpression enhances the EMT process and metastasis in osteosarcoma, 34 whereas SIRT1 inhibition significantly suppresses the EMT process in esophageal cancer cells. 35 As a molecular mechanism, SIRT1 inhibition reduces the level of FOXO3a and matrix MMP2, which degrades extracellular matrices to allow penetration of cancer cells into the basement membrane. 36 Therefore, SIRT1 plays a critical role during the EMT process by allowing physical detachment of cancer cells from the primary cancer site. In contrast, SIRT1 plays a positive role in the induction of anoikis resistance after the EMT process in gastric cancer cells. 37 In the present study, we showed that SIRT1 inhibition dramatically induced apoptotic death in ASC as compared to AD. Thus, the higher expression of SIRT1 in ASC than in AD may be critical to overcome anoikis and for long-term survival. Therefore, the increase in SIRT1 expression could be an important event post-EMT as well as during the EMT process.
Activation of NF-κB allows cancer cells to evade apoptotic death through the upregulation of anti-apoptotic proteins such as Bcl-2, Bcl-X L , cFLIP, and cIAP2. 38, 39 A critical event in NF-κB activation is acetylation of p65. For suppression of the NF-κB signaling pathway, SIRT1 deacetylates p65 and inhibits NF-κB activity. Thus, the antagonistic function of SIRT1 and NF-κB is very important for balanced regulation of apoptosis. In the present study, we found that NF-κB activity was downregulated, SIRT1 level increased in ASC, and SIRT1 deficiency caused apoptotic death even after recovery of NF-κB activity in ASC. Thus, NF-κB activation is not critical for the survival of ASC. Therefore, it is likely that NF-κB activation results in death or survival depending on the tumor context. In contrast, ROS interacts with the NF-κB signaling components and may either activate or inhibit NF-κB signaling depending on the tumor context. 40 As SIRT1
depletion caused an increase in ROS production and apoptotic death regardless of the recovery of NF-κB activity in ASC, the maintenance of a low level of ROS is important for high SIRT1 expression because it contributes to the increase in the GSH/GSSG ratio. Further studies are warranted to elucidate the importance of suppression of NF-κB activity as well as to investigate whether NF-κB suppression is a general event in ASC derived from any breast cancer cell line.
In summary, we report, for the first time, how SIRT1 expression is increased in ASC. SIRT1 expression was higher in ASC and AD, and it protected the cells from apoptotic death. Thus, the increase in SIRT1 expression may play a crucial role in the stable survival of SC by maintaining low levels of ROS because SIRT1 expression was higher after long-term adaptation. Development of a strategy to suppress SIRT1 activity would be an efficient way to prevent the survival and metastatic spread of CTC in breast cancer cells. In addition, it is important to determine whether this mechanism may be generalized in different types of cancer.
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